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.O Introduction
During fiscal year 1996, the Department of Energy's Office of Fissile Materials Disposition (OFMD) funded Los Alamos National Laboratory (LANL) to investigate issues associated with the fabrication of plutonium from dismantled weapons into mixed-oxide (MOX) nuclear fuel for disposition in nuclear power reactors. These issues can be divided into two main categories: issues associated with the fact that the plutonium from dismantled weapons contains gallium, and issues associated with the unique characteristics of the PuO, produced by the dry conversion process that OFMD is proposing to convert the weapons material. Initial descriptions of the experimental work performed in fiscal year 1996 to address these issues can be found in Nuclear Fuels Technologies Fiscal Year 1996 Research and Development Test Matrices'. However, in some instances the change in programmatic emphasis towards the Parallex program either altered the manner in which some of these experiments were performed (i.e., the work was done as part of the Parallex fabrication development and not as individual separate-effects tests as originally envisioned) or delayed the experiments into Fiscal Year 1997. This report reviews the experiments that were conducted and presents the results.
2.
Gallium Evolution Test Results
Surrogate Studies
Ga203 and CeOZ Characterization
Experiments conducted at LANL and Lawrence Livermore National Laboratory (LLNL) have shown that Pu02 produced from weapons via the hydride-oxidation process still contains gallium, which after conversion exists in the form of its fully oxidized state, Ga203. Initial thermogravimetric analysis (TGA) studies have been performed to characterize the kinetics of vaporization of Ga203 powder and pellets in Ar-6% H2 (this reducing atmosphere is being used in the Pu02 thermal treatment process, the fuel pellet sintering process, and is typical of the atmospheres used in commercial MOX pellet sintering furnaces). For comparison we have also investigated the kinetics of vaporization of Ce02, which is a surrogate material for Pu02. As shown in the non-isothermal TGA traces in Fig. 2 .1.1-1, the vaporization rate for Ga2O3 becomes quite rapid at temperatures above about 1OOO"C. Difficulties were anticipated with these experiments because Ga will readily alloy with many metals, including Pt (the material used to suspend the samples in the furnace). As shown in Fig. 2 .1.1 -1, alloying between Pt and Ga leads to mechanical failure of the Pt near 1200°C.
The rapid vaporization of gallium oxide can have either negative or positive consequences. In particular, gallium loss can negatively affect the lifetime of components required for fuel fabrication or those in a nuclear reactor due to alloying. However, because it volatilizes, it may be possible to thermally separate gallium from PuOz relatively easily. It is critical to assess the thermodynamics and kinetics of the processes of vaporization of Ga203-Pu02 systems. It is also important to assess both the rate of loss of Ga and the loss of Pu. It is probable that Pu loss will be significant in a reducing atmosphere. Understanding the thermodynamics and kinetics will allows the minimization of Pu loss and maximization of Ga loss through the use of optimal processing conditions and vapor separation techniques. Non-isothermal Thermogravimetric Analysis of Ga203 and Ce02 exposed to Ar-6% H2.
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Ce02-Ga203 Characterization
To determine the behavior of the gallium volatilization in a mixed-oxide media, Ce02-2wt% Ga203 pellets were fabricated with 95% theoretical density. Table 2.1.2-1 shows a list of the fabrication equipment in the cold (no plutonium) lab. Ce02-2 wt% Ga203 pellets were prepared using commercial powders (Table 2.1.2-2) and fabrication techniques similar to those used in preparing actual fuel. After preparation, the pellets were crushed to -325 mesh and the resulting powder exposed to Ar-6 % H2 at 1OOO"C. The oxygen partial pressure was monitored during vaporization experiments, and was kept below atm. To evaluate the effect of specimen size, the 0.3 and 0.9 gram samples were exposed to a slow flowing gas. Table 2.1.2-3 summarizes the experiments and illustrates the scatter in data. Two samples were analyzed, one weighing 0.3 g and a larger sample of 0.9 g. Assuming the entire weight loss of the sample was due to gallium volatilization, the 0.3 g sample lost on average 29.3% of its initial gallium content, while the 0.9 g sample only lost on average 10.7% of its gallium. The observation of variations in gallium loss with sample size indicates that the volatization is at least partially rate limited by gas transport. These studies are continuing with the objective of collecting sufficient Thermox CGlOOO : Oxygen Analyzer 2.1.3. Phase Diagram Study Although much of the information given in Section 2.1.4 forms the basis for generation of relevant phase diagrams, no specific phase diagrams were generated in FY96 (Note that in the FY96 test matrices, ths task was designated to be performed only if funding permits). The phase diagram study will be carried out in FY97 in support of the integrated test program.
Thermodynamics and Kinetics of Gallium Oxide
Thermodynamic data were collected and free energies of formation were fit, using Where a and p represent activity and equilibrium partial pressure, respectively.
equation:
In addition, the vaporization of Ga20(g) may be assessed using the mass action where the partial pressure of GazO(g) may be calculated using the equation: + 2.50277*10-8T2 -
T2
+ T Equations (6) and (7) may be substituted for equations (2) through (5) by considering how the partial pressure of oxygen is controlled by either the H2/H20 or CO/CO2 ratios according to buffer reactions H2(g)+ 1/202(g)+H20(g), or CO(g)+ 1/202(g)+COz(g). The equations described above can be used to calculate the equilibrium partial pressures of Ga20 above various Pu02-Ga203 solid solutions (i.e., assuming various Ga203 activities) in inert atmospheres or H2-or CO-bearing gases. Fig. 2.1 .4-1, shows how the vaporization behavior varies with environment at a GazO3 activity of 0.01, which is near the activity expected for a typical Pu02-Ga203 feed stock. It is apparent from this figure that the vaporization rate in the reducing gases H2 and CO is significantly higher than that in vacuum.
The thermodynamic data described above can be used to calculate the maximum rate of loss of gallium during processing of MOX fuel and powders. For example, using boundary layer theory and principals of gas kinetics, the maximum Ga loss rates from Pu02 with k , = 0.01 have been calculated. In cases where the kinetics are rate limited by gaseous diffusion (which appears to be the case with MOX fuel and powder in certain environments) the calculated rates give very good estimates of the true loss rates as long as the activity of the species of interest (e.g. Ga203) is know. The flux of material, J , from a surface may be described using the equation: where D is the binary interdiffusion coefficient, Sh is the Sherwood number, d is a characteristic dimension of the material, R is the universal gas constant, T is temperature , and pi is the equilibrium partial pressure of the species of interest. For the sake of discussion, let us take a relatively simple case by assuming that we have a 100 pm, spherical particle. For a sphere, d is equal to the sphere diameter and the Sherwood coefficient may be defined as
where Re is the Reynolds number and Sc is the Schmidt number. The Reynolds number is simply the dimensionless ratio of the inertial forces to viscous forces and may be defined as where v is the bulk gas stream velocity, d is (in this case) the sphere diameter, and v is the kinematic gas viscosity. And the Schmidt number is simply the dimensionless ratio of the kinematic viscosity and the diffusion coefficient
All the parameters described in equations 8-11 may be calculated from first principals. We begin with the binary gaseous interdiffusion coefficient. If we assume we where k is Boltzmann's constant, rn is molecular mass, n is density of gas molecules per cubic meter, and r is the molecular diameter. Fig. 2.1.4-2 shows the calculated gaseous interdiffusion coefficient as a function of temperature for Ga20 in Ar-6% H2 at 1 atm.
Although the kinematic viscosities may also be calculated from Maxwellian principals, the viscosities for Ar and H2 are well known.3 Thus, we used tabulated values of the individual dynamic viscosities, converted them to kinematic viscosities, and then calculated the viscosity of the two-component gas mixture using techniques described by 
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With knowledge of LIZ] and v, the Reynolds and Schmidt numbers can be easily calculated using equations 10 and 11. For the purpose of discussion, assume simplistically that we have 100 pm diameter particles are exposed to Ar-6% Hz at a gas velocity of 500 cdsec. Under this assumption, the Shenvood number can then be calculated using equation 9 as illustrated in Fig. 2.1 .4-4.
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Ar-6% €$ at 1 atm LA-UR-96-? ??? (17) Thus, through equation 8, the corrosion flux can now be calculated using equations 4, 13, and 17. Fig. 2. 1.4-5 shows the calculated Ga20 flux as a function of temperature using the assumptions stated above and assuming the aGa 0 is 0.01. As is apparent from Fig. 2 .1.4-5, the calculated (or projected) rates of vaporization are quite rapid. It must be reemphasized that these calculated rates are maximum rates. Using these maximum rates, the time to remove gallium from a 100 pm sphere is shown in Fig. 2 .1.4-6. In reality the rates will be reduced by a number of parameters, such as backing gas pressures in powder compacts, changes in the Ga203 activity as vaporization proceeds, changes in metaVoxygen stoichiometry, and (depending on the rate limiting mechanism) reductions by a chemical reaction (e.g., adsorption or desorption of a molecule). As implied here, the model described above assumes a constant Ga203 activity. In order to make full use of the model, we require information on the diffusivities of gallium oxides in PuOz as well as how the overall stoichiometry affects the diffusion and activity. As described by Wallace and Butt: although it is a very difficult and rigorous task, in theory it is possible to combine solid state and gaseous diffusion equations to describe the gas solid reactions under conditions that are rate limited by gas transport where the partial pressures vary continuously due to solid state diffusion and changes in stoichiometry. However, in the case of this particular system, we are lacking much of the necessary kinetic data. The modeling and results described above can ultimately be used in the design of a large-scale Ga removal process, including tradeoffs between alternative processing equipment. The Pu02 thermal treatment study examines the thermal volatilization of Ga203 from actual Pu02 (as opposed to surrogates). It is used to establish basic data as well as benchmark the surrogate studies.
PuOa Studies
Separate samples of the Pu02 powder produced at LANL in FY 1995 (LANL-FY95 in Table 2 .2.3-1) were heated in flowing Ar-6%H2 at 400 O C and 1000 OC, respectively, for two hours to determine the effects on gallium content and particle properties. These results are given in Table 2 .2.1-1. As evident from these results, heat treating the powder at 400 "C (LANL-3) had little effect on the gallium content, particle size, and surface area. However, heat treating at 1000 O C (LANL-4) did reduce the gallium content and surface area considerably. The high temperature treatment may also have reduced the oxide to a hypostoichiometric condition as suggested by the negative loss-on-ignition results. Subsequent thermal treatment experiments (of the Parallex PuO,) showed a reduction in O M of the powder from 2.0265 to 1.9939. Consequently, gallium can be removed from the Pu02 by thermal treatment, but the physical properties of the powder that will affect its performance in the fabrication of MOX fuel may be altered. Additional thermal treatment experiments were conducted using some of the LANL-FY95 plutonium dioxide. The material was heated for 2 or 4 hours in flowing Ar-6%H2 at temperatures ranging from 900 C to 1100 C, and the gallium content measured. Because the negative loss-on-ignition result in the earlier test indicated the possibility the powder was hypostoichiometric, the oxygen-to-metal ratio was also measured. The results of the analyses are shown in Table 2 .2.1-2.
Based on the above results, a preliminary gallium removal treatment was developed. This treatment involves treating the PuO, for 2 hours at 1100 C in Ar-6%H2 to remove the gallium, followed by heating for 2 hours at 800 C in air to re-establish stoichiometry. This treatment was used on 500 g batches of the Parallex PuO,. The results for the treatment of the Parallex Pu02 are shown in Table 2 .2.1-3. The gallium in this material was only reduced to 243 ppm due to the larger batch size and larger initial gallium content. However, this is still sufficient to reduce the gallium to less than 10 ppm in the final MOX fuel. It should also be noted that no significant reduction in surface area was observed, which contradicts earlier results (see Table 2 .2.1-1). This discrepancy will have to be resolved in future work. A sieve analysis was conducted before and after the thermal treatment to determine the effects on particle size distribution. The results of the analyses are shown in Table 2 .2.1-4. However, for the after-treatment results reported, an error was made in the furnace settings for the oxidizing step which resulted in the powder being treated at 1000 C for 48 hours (instead of 2 hours at 800 C ) . Even under these more extreme conditions, no significant changes in the particle size distribution was observed.
Following the treatment of approximately 2 kg of PuO,, deposits were visually observed on the heat shields of the furnace. These deposits were analyzed and found to be mostly gallium (67%) and uranium (23%). The presence of uranium is due to the use of this furnace in the fabrication of uranium-nitride for an earlier program. 
Effect of Thermal Treatment on Fabrication Study
In order to investigate the effects of thermal treatment on MOX pellet fabrication, two batches of MOX fuel pellets were fabricated using the LANL-FY95 Pu02 feed and Hanford U 0 2 powder. One batch of 10 pellets used the baseline fabrication process, while a second batch of 15 pellets was fabricated using the same feed sources and fabrication process, but with the addition of a thermal treatment step to remove Gallium from the hO;! prior to pellet fabrication (the Pu02 was heated for 2 hours in Ar-6%H2 at 1100 C, but the treatment did not include the oxidation step). Both batches were sintered for 4 hours at 1725 C. As shown in Table 2 .2.2-1, pellets fabricated with untreated Pu02 achieved 93.24% of theoretical density, whde pellets fabricated with thermally treated PuOz achieved 93.49% of theoretical density. However, it should be noted that the U0,-PuO, blends for both these pellet types were vibratory milled in order to increase pellet density. This vibratory milling may have eliminated any effects of the PuO, treatment. Detads of the composition of the PuOz and U02 powders used in this study are shown in 
Pit Conversion Data Assessment Study
The purpose of this study is to develop a database of pit conversion data related to Ga loss and PuO, physical characteristics as a function of conversion variables (such as time, temperature, atmosphere, weapon type, etc.).
In FY95, plutonium dioxide produced from a dismantled weapon by the hydrideoxidation process at LANL was obtained. Additionally, two different plutonium oxide powders produced at LLNL were obtained from a single weapon using the HYDOX process at either 125C or 400 C as the hydride temperature. The powder converted at 400 C was also ground at LLNL with a mortar and pestle to pass through a 20-mesh sieve. In FY96, additional PuO, produced at LANL by hydride-dehydride (to a puck) followed by hydride-oxidation of the resulting metal was obtained. Samples of each material were analyzed for gallium content, particle size, surface area and loss on ignition. The results of these analyses are given in Table 2 .2.3-1. The results show that the gallium content of the oxide produced at LANL is the same as it was in the metal before the conversion to oxide (the first LANL PuO, was 0.5 wt% gallium, and the second batch had 0.8 wt% initial gallium content). However, the gallium content of the oxides from LLNL were reduced by the conversion process from the original 1 wt%.
Pit Conversion Experiments
This task was not performed during FY96. (Note that in the FY96 test matrices, this task was designated to be performed only if funding permitted). The behavior of Ga in the pit conversion process will be included as part of the FY97 plan in both nuclear fuels technologies as well as the ARIES demo.
MOX Fuel Fabrication Test Results
Feed Characterization Studies
3.1-1. U 0 2 Feed Characterization Study This study characterized two samples of UO2 similar to that used in commercial power reactor fuel fabrication. One sample was obtained from Hanford, and the other from AECL. Both were analyzed at LANL to determine uranium content, mean particle size, surface area, uranium isotopics and elemental composition. The AECL sample was also analyzed at AECL prior to shipment to LANL. The results of these analyses are listed in Table 3 .1.1-1. Multiple entries in the table indicate that more than one analysis was performed.
PuOz Feed Characterization Study
Two sources of PuO, were used in FY96 efforts. First, in FY95 PuO, was produced by hydride-oxidation of weapons components (LANL-FY95). In fiscal year 1996, 2.9 kg of PuO, were produced for the Parallex program at LANL. A plutonium metal puck was produced from surplus weapons components using a hydride-dehydride process, and then the puck was converted to PuO, using hydride-oxidation ("Parallex" PuO,). Significant magnesium contamination of the "Parallex" PuO, resulted from the use of a magnesium crucible with the hydride-dehydride processing, which is not envisioned for use in the future production of oxide with direct hydride-oxidation of weapons components. Each PuO, source was analyzed to determine plutonium content, loss on ignition (LOI), mean particle size, surface area, plutonium isotopics and elemental composition, including gallium and oxygen content after various treatment processes. The results of these analyses are listed in Table 3 .1.2-1.
MOX Fabrication Studies
3.2.1. U 0 2 Effect Study Pellets were fabricated with both Hanford and AECL UO,. However, a single sintering run was not performed with pellets of both types because once the AECL UO, was available, all of the fabrication activities were focused on the Parallex program. However, no discernible differences were observed between the two UO, sources, and, as shown in section 3.1.1, their physical properties were very similar with the exception of surface area. Data on pellets fabricated with both the Hanford and AECL UO, are given in section 3.2.2. 
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. Reference Fabrication Study
All of the pellets fabricated for the Parallex program were fabricated with the AECL UO, using a double-batching process. A 10% Pu in heavy elements master blend was made that was then down-blended to the desired 3.1% Pu in heavy metal. The pellets were sintered at 1725 C for 8 hours. Moisture was introduced into the sintering atmosphere to produce the required oxygen-to-metal ratio ( O M ) of 1.995-2.015. The characteristics of these pellets are given in Table 3 Two batches of MOX pellets made with Hanford U 0 2 were fabricated using different sintering times and temperatures. The pellets were than analyzed for % theoretical density. Results are shown in Table 3 .2.2-2.
Pore Former Study
While the pore former currently used by a commercial fuel vendor in MOX fuel fabrication was obtained, this study was not completed because of the shift of emphasis to the Parallex project (the pore former study is not applicable to CANDU fuel). It is expected that this study will be completed as part of the development activities for the LWR demonstration project in Fiscal Year 1997.
PuOl Conditioning Studies
3.2.1, Mechanical Conditioning Study
Following the thermal treatment of the Parallex PuO,, a mechanical conditioning step was added. This conditioning step consisted of passing the PuO, powder three times through the vibratory mill prior to blending with UO,. Using a scanning-electron microscope (SEM), the homogeneity of pellets produced with this PuO, was compared with that of pellets produced from PuO, that did not undergo a mechanical conditioning step. Initial data indicates that the mechanical conditioning resulted in an increase in homogeneity of the PuO, with no particles greater than 2p being observed in the matrix, compared with maximum particle sizes of 10-2Op being observed for the non-mechanically .
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LA-UR-96-???? treated material. However, there was also a variation in sintering temperature (1725 C vs. 1600 C ) and sintering time (8 hours vs. 4 hours) that could also account for part or all of this variation. Further work is necessary to determine the exact relationship between homogeneity and mechanical conditioning of the PuO,. However, it should be noted that no results to date have indicated that mechanical conditioning of the PuO, is required in order to fabricate acceptable fuel pellets.
